Introduction
Diluted magnetic semiconductors (DMSs) are promising materials for potential applications in spin-dependent electronic devices, because they possess both semiconducting and magnetic properties. In particular, since the discovery of carrier-induced ferromagnetism in (In, Mn)As 1) and (Ga, Mn)As, 2) the physical properties and potential application of these materials have been studied. However, the Curie temperature of these materials is much lower than room temperature, and this low Curie temperature limits the potential applications in spin-dependent electronic devices at room temperature. DMSs with high Curie temperatures greater than room temperature are desired for useful practical applications.
Recently, it has been reported, on the basis of several theoretical predictions, [3] [4] [5] that the room-temperature ferromagnetism can be experimentally observed in III-nitrides such as GaN-and AlN-based materials. [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] In particular, Crdoped AlN is one of the most promising materials for practical applications in spin-dependent electronic devices because its Curie temperature has been reported to be above 900 K, which is the highest among III-nitrides. 8, [10] [11] [12] [14] [15] [16] In the previous reports, the room-temperature ferromagnetism was observed in Cr-doped AlN films fabricated at various substrate temperatures by sputtering 10, 15, 16) and molecular beam epitaxy, 8, 11, 12, 14) but their magnetic moments were different from each other. In our previous paper, it was reported that the room-temperature ferromagnetism cannot be observed in Cr-doped AlN film with the Cr concentration of 0.07 fabricated at room temperature on a thermally oxidized Si (001) substrate by reactive dc magnetron sputtering. 17) Thus, the occurrence of the room-temperature ferromagnetism in the Cr-doped AlN films is still an open question. It is not clearly whether the ferromagnetism of Crdoped films originates from either a single phase or a secondary phase. In addition, there are few reports on the crystal structure and magnetic properties of Cr-doped AlN films of various Cr concentrations fabricated at room temperature by reactive dc magnetron sputtering. 16) In the present work, we fabricate Cr-doped AlN films on thermally oxidized Si (001) substrates at room temperature by reactive dc magnetron sputtering, and investigate the crystal structure and magnetic properties of Cr-doped AlN (Al 1Àx Cr x N) films in the range of Cr concentration (x) of 0.04-0.37.
Experimental Procedure
Cr-doped AlN (Al 1Àx Cr x N) films with various Cr concentrations (x) were fabricated on thermally oxidized Si (001) substrates at room temperature by reactive dc magnetron sputtering. The base pressure of the system was better than 4:0 Â 10 À7 Pa, and the gas pressure of the argon and nitrogen mixture during sputtering was kept at 0.40-0.60 Pa. The deposition rates for Al 1Àx Cr x N films were 0.010-0.015 nm/s. The thickness of the Al 1Àx Cr x N films varied from 50 nm to 250 nm. The composition of each Al 1Àx Cr x N film was determined by X-ray photoelectron spectroscopy (XPS).
The crystallographic structure of the Al 1Àx Cr x N films was examined by high-angle X-ray diffraction (XRD) analysis using Cu-K radiation. The lattice constants of the Al 1Àx -Cr x N film were determined accurately by grazing-angle X-ray diffraction (XRD) analysis using Cu-K radiation. The crystallographic structure and grain size of the Al 1Àx Cr x N film were investigated using a transmission electron microscope (TEM). The electrical resistivity of the Al 1Àx Cr x N films was measured with current perpendicular to the film plane using a crossed Au-electrode junction. The magnetic properties of the Al 1Àx Cr x N films were investigated from 10 K to room temperature (RT) using a superconducting quantum interference device (SQUID) magnetometer with a maximum field of 3.97 MA/m. The magnetic field for the measurement was applied in the film plane.
Results and Discussion
High-angle XRD profiles of 250-nm-thick Al 1Àx Cr x N * Graduate Student, Osaka University films are shown in Fig. 1 . Only the peaks indexed in this figure can be confirmed in the range of the diffraction angle (2) between 20 -140 for all x. In every case, several peaks originating from the Si (001) substrate are confirmed. For x 0:20, a peak which corresponds to AlN (0002) can be observed clearly at about 2 ¼ 36
. Two peaks appear approximately at 2 ¼ 76 and 136 with increasing x, which are derived from AlN (0004) and AlN (0006). A weak peak can be observed at about 2 ¼ 34 , which corresponds to AlN (10 1 10). In addition to this peak, for x ¼ 0:16, a weak peak also appears at around 2 ¼ 37: 5 , which is derived from AlN (10 1 11). From these results, it is clear that every specimen with x 0:20 has the wurtzite-type AlN phase with a preferentially oriented c-axis. For x ¼ 0:24, three peaks can be observed at about 2 ¼ 33 , 36 and 58 , which originate from AlN (10 1 10), AlN (0002) and AlN (11 2 20), respectively. The peak positions of AlN (10 1 10) and AlN (11 2 20) shift to lower angles than that of the wurtzite-type AlN phase, but the peak position of AlN (0002) shifts to a higher angle than that of the wurtzite-type AlN phase. This peak shift suggests that the a axis in the wurtzite-type phase is elongated and the c axis in the wurtzite-type phase is compressed in the film. Three other peaks appear at approximately 2 ¼ 38 , 44 , and 80
; they originate from AlN (111), AlN (200) and AlN (222), respectively, and all shift to lower angles than that of the zinc-blende-type AlN phase. This peak shift suggests that the a-axis in the zinc-blende-type phase is elongated in the direction perpendicular to the film plane. From these results, it is clear that the wurtzite-type AlN phase and the zincblende-type AlN phase coexist in the film with x ¼ 0:24. Furthermore, for x ¼ 0:37, three peaks can be clearly observed at around 2 ¼ 36 , 43 and 80 . These peaks originate from AlN (111), AlN (200) and AlN (222), and shift to much lower angles than that of zinc-blende-type AlN.
These peak shifts are attributed to the compressive stress in the film plane. These results reveal that the specimen has the zinc-blende-type AlN phase for x ¼ 0:37. On the basis of these results, it can be pointed out that the Al 1Àx Cr x N film changes from a wurtzite-type AlN phase to a mixture of wurtzite-type AlN and zinc-blende-type AlN phases and further to a zinc-blende-type AlN phase with increasing x. Note that no peaks corresponding to any other possible phase, such as Cr-N and Cr-O, are observed in any specimen.
In order to clarify the crystal structure of Al 1Àx Cr x N films in more detail, we carried out TEM observation of these films. The selected-area diffraction patterns of 50-nm-thick Al 1Àx Cr x N films are shown in Fig. 2 . For all x, only the diffraction rings can be observed and no spots are observed. They reveal that every specimen becomes polycrystalline. (222), (400) and (420) diffraction rings caused by the zinc-blende-type AlN phase are predominant. This result indicates that the specimen has only the zinc-blende-type AlN phase. From these results, it can be concluded that the crystal structure of Al 1Àx Cr x N films changes from the wurtzite-type AlN phase to the coexistence of the wurtzitetype AlN and zinc-blende-type AlN phases and further to only the zinc-blende-type AlN phase with increasing x. Note that no diffraction ring coinciding with any other possible phase, such as Cr-N and Cr-O, are observed in any specimen.
In order to investigate the concentration dependence of the average grain size of Al 1Àx Cr x N films, the average grain size was estimated from the dark-field image of these specimens. Here, as an example, the dark-field image of the film with x ¼ 0:07 is shown in Fig. 3(a) . The grains are uniformly distributed in the film, their size distribution mainly concentrates in the range below 15 nm, and their average size is approximately 7 nm. The average grain sizes for other x were also determined by the same method. The average grain size is summarized in Fig. 3(b) as a function of x for 50-nm-thick Al 1Àx Cr x N films. With increasing x, the average grain size decreases slightly for x ¼ 0:07, increases for x ¼ 0:16{0:20, becomes maximum at x ¼ 0:20, and it decreases markedly for x ! 0:24. This change of grain size corresponds to the change of the full width at half maximum (FWHM) of the main peak with x (Fig. 1) . From these results, it can be considered that the average grain size is correlated with the crystal structure of Al 1Àx Cr x N films.
In order to more precisely explore the effect of Cr doping in the crystal structure of Al 1Àx Cr x N films, we accurately determine the lattice parameters of 250-nm-thick Al 1Àx Cr x N films by the Cohen method. 18, 19) In this method, it is well known that the systematic error of the Bragg angle can be calibrated well using the Nelson-Riley function. 20) The lattices of the wurtzite-type phase and the zinc-blende-type phase can be treated as being hexagonal and cubic, respectively. Since only three or four peaks can be clearly observed in every high-angle XRD profile of the Al 1Àx Cr x N film ( Fig. 1) , we observed the X-ray profiles by the grazingangle incidence-beam method. As shown in Fig. 4 , these profiles made it possible to determine the peak positions by Gaussian fitting. Then, we can evaluate the lattice parameters (a and c) of the wurtzite-type AlN phase in the Al 1Àx Cr x N films with x 0:24 within an error of 1.0%, as well as the lattice parameter (a) of the zinc-blende-type AlN phase in the Al 1Àx Cr x N films with x ! 0:24 within an error of 0.5%. The changes of the lattice parameters in the Al 1Àx Cr x N films are shown in Fig. 5 . In the case of x 0:24 for which Al 1Àx Cr x N films possess the wurtzite-type AlN phase ( Fig. 5(a) ), lattice parameter a increases for x 0:07, becomes constant for (Fig. 5(b) ), lattice parameter a increases with increasing x, and is larger than the value of bulk zinc-blende-type AlN phase. This increase is attributed to the Cr atoms mainly entering into the zinc-blende-type AlN phase and occupying the Al site. From these results, it can be considered that the Cr atoms play an important role in the change of the crystal structure of the Al 1Àx Cr x N films. The temperature dependences of the electrical resistivities () of Al 1Àx Cr x N films are shown in Fig. 6 . For x ¼ 0:04, is higher than 10 12 mÁcm at RT, and also increases exponentially as temperature decreases. This reveals that the film is insulating for x ¼ 0:04. On the contrary, for x ! 0:07, at RT decreases, and also increases exponentially as temper- ature decreases. These results indicate that the films become semiconducting. It can be inferred, on the basis of these results, that the electrical properties of Al 1Àx Cr x N films change from insulating to semiconducting with increasing x. Figure 7 shows the magnetization, M, in a magnetic field of 0.796 MA/m as a function of temperature for 250-nmthick Al 1Àx Cr x N films. No sudden drop in M can be observed with increasing temperature up to RT. The results indicate that no ferromagnetic phase, such as CrO 2 which has a Curie temperature of 390 K, coexists in these specimens. For x ¼ 0:04, the M value is almost null in the temperature range above 20 K, and slightly increases with decreasing temperature in the range below 20 K. For x ¼ 0:07{0:20, the M values are almost null above 100 K, and increase markedly with decreasing temperature below 100 K. For x ¼ 0:24, the M value is almost null in the temperature range above 60 K, and increases with decreasing temperature in the range below 60 K. For x ¼ 0:37, the M value is almost null at all temperatures. In order to clarify the magnetic states of the Al 1Àx Cr x N films in detail, the magnetization curves at RT and 10 K for these films are shown in Fig. 8 . In every case, the magnetization at RT is negligibly small for all magnetic fields. These results reveal that the magnetic state at RT becomes paramagnetic in every Al 1Àx Cr x N film. On the other hand, at 10 K, the magnetization curves differ with x. Namely, for x ¼ 0:04, the magnetization increases linearly with increasing magnetic field and does not saturate even for the magnetic field of 3.97 MA/m. Neither remanence nor coercivity appears in the magnetization curve. From Brillouin fitting of this magnetization curve, the effective magnetic moment can be determined to be 1.13 B /Cr atom. It can be considered that the magnetic state at 10 K is in a paramagnetic state. For x ¼ 0:07{0:24, every magnetization increases curvedly with increasing magnetic field and does not saturate even at the magnetic field of 3.97 MA/m. No magnetization curve exhibits remanence or coercivity. From Brillouin fitting of these magnetization curves, the effective magnetic moment can be determined, and its value decreases from 1.98 B /Cr atom to 0.24 B /Cr atom with increasing x. These results suggest that the magnetic state at 10 K is in a paramagnetic state. However, the behavior shown here is also observed in a superparamagnetic state. Thus, the possibility of the superparamagnetic state cannot be excluded completely. For x ¼ 0:37, the magnetization is very weak at all field and does not saturate even at the magnetic field of 3.97 MA/m. This reveals that the magnetic state at 10 K becomes paramagnetic. From these results, it can be concluded that the magnetic state at 10 K changes from a paramagnetic state to the paramagnetic state or a superparamagnetic state, and further to the paramagnetic state with increasing x.
Conclusion
The crystal structure and magnetic properties of Cr-doped AlN (Al 1Àx Cr x N) films with various Cr concentrations (x) of 0.04-0.37 have been investigated in detail. A wurtzite-type AlN phase is predominant for x ¼ 0:04{0:20, a wurtzite-type and a zinc-blende-type AlN phase coexists for x ¼ 0:24, and a zinc-blende-type AlN phase is predominant for x ¼ 0:37. The Cr atoms mainly enter into the AlN phase and occupy the Al site regardless of x. Room-temperature ferromagnetism is not observed in these specimens. The magnetic state at 10 K depends on x. Namely, it is in a paramagnetic state for x ¼ 0:04, in a paramagnetic state or a superparamagnetic state for x ¼ 0:07{0:24, and further, in a paramagnetic state for x ¼ 0:37. Ferromagnetism cannot be observed at the temperature above 10 K in the Al 1Àx Cr x N films with x ¼ 0:04{0:37. 
